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Edited by Miguel De la RosaAbstract Dimers and oligomers of F-type ATP synthases have
been observed previously in mitochondria of various organisms
and for the CFoF1 ATP synthase of chloroplasts of Chlamydo-
monas reinhardtii. In contrast to mitochondria, however, dimers
of chloroplast ATP synthases dissociate at elevated phosphate
concentration. This suggests a regulation by cell physiological
processes.
Stable isotope labeling of living cells and blue-native PAGE
have been employed to quantitate changes in the ratio of mono-
meric to dimeric CFoF1 ATP synthase. Chlamydomonas rein-
hardtii cells were cultivated photoautotrophically in the
presence of 15N and photomixotrophically at natural 14N abun-
dance, respectively.
As compared to photoautotrophic growth, an increased assem-
bly of ATP synthase dimers on the expense of preexisting
monomers during photomixotrophic growth was observed, dem-
onstrating a metabolic control of the dimerization process.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Dimeric or oligomeric assemblies of ATP synthases in the in-
ner mitochondrial membrane have been described in several
evolutionary distinct organisms like fungi, mammals, algae,
and higher plants [1–10] and could be visualized by electron
microscopy [11–14]. Dimer speciﬁc subunits were identiﬁed
and the site of dimerization has recently been located at or
close to the peripheral stalk of the enzyme [15]. Dimerization
of the mitochondrial ATP synthase was linked to cristae for-
mation [13,14,16]. In the single cellular green alga Chlamydo-
monas reinhardtii, the mitochondrial ATP synthase was
found as a stable dimer by blue-native gel electrophoresis
(BN-PAGE) [5,8], while no monomer was observed. Chlamy-
domonas reinhardtii is able to utilize diﬀerent sources of energy
generation. Besides photosynthesis (photoautotrophic growth)Abbreviations: BN, blue-native; MALDI, matrix-assisted laser desorp-
tion/ionisation; MS, mass spectrometry; PAGE, polyacrylamide gel
electrophoresis; PMF, peptide mass ﬁngerprinting
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for heterotrophic nutrition, or both at the same time (photo-
mixotrophic growth). The two diﬀerent growth conditions ap-
plied, photomixotrophic and photoautotrophic growth, have a
pronounced inﬂuence on the metabolic state of the cell, as pre-
viously shown [17]. Cells grow faster in the presence of acetate,
they contain more protein per cell [17], and the composition of
photosynthetic supercomplexes change. In photoautotrophi-
cally grown cells, two species of Photosystem I occur, only
one species is found in photomixotrophically grown cells [18].
The chloroplast H+-ATP synthase (CFoF1) is located mainly
in unstacked regions of the thylakoid membrane and has a cen-
tral role in ATP production within the organelle. CFoF1 di-
mers have been demonstrated in Chlamydomonas reinhardtii
[8], employing BN-PAGE. However, no dimer speciﬁc subunit
could be identiﬁed for the chloroplast ATP synthase to date. In
in vitro studies, the degree of dimerization of chloroplast ATP
synthase decreased with increasing phosphate and vanadate
concentrations, in contrast to the mitochondrial ATP synthase
dimers of the same organism, which remained unaﬀected [8].
As the binding site for phosphate and vanadate ions is located
in the stroma CF1 part, dimerization seems to be regulated by
alterations in F1. The phosphate concentration in the chloro-
plast stroma is not constant but varies with the state of metab-
olism, e.g. it drops from 7 mM to 3 mM under low oxygen
conditions [19], a regulatory eﬀect of this important metabolite
seems possible [8]. In order to verify such metabolic control,
the supramolecular state of CFoF1 at two diﬀerent growth con-
ditions was compared for Chlamydomonas reinhardtii.
The quantity of native monomeric and dimeric CFoF1 was
examined by BN-PAGE. Monomer and dimer could be distin-
guished by their mass diﬀerence in the ﬁrst dimension BN-
PAGE and recognized by their identical subunit pattern on a
second dimension SDS–PAGE, veriﬁed by peptide mass ﬁn-
gerprinting (PMF). Two diﬀerent approaches to quantitate
the monomer/dimer ratio of CFoF1 were applied. On the one
hand, cells from two separate cell culture conditions were inde-
pendently analyzed by BN-PAGE and densitometric quantiﬁ-
cation of Coomassie stained gel bands. On the other hand,
stable isotope labeling of living organisms was employed.
Here, 14N and 15N labeled cells from two culture conditions
were combined before harvesting and the amount of ATP syn-
thase monomer and dimer was quantiﬁed by mass spectrome-
try. Stable isotopes have been successfully employed for
metabolic labeling and protein quantiﬁcation of unicellular
organisms [20,21], animals [22], and is safe to use for diagnos-
tic purposes even in humans [23]. The combination of stable
isotope labeling, BN-PAGE, and MALDI-MS allowed us toblished by Elsevier B.V. All rights reserved.
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complexes and supercomplexes. Using this methodology, di-
rect metabolic control of the supramolecular organization of
CFoF1 was demonstrated.2. Materials and methods
2.1. Culture conditions
Chlamydomonas reinhardtii cells, cw15-mutant (Sammlung fu¨r
Algenkulturen, Go¨ttingen, Germany), were grown under photoauto-
trophic and photomixotrophic conditions, respectively. While in
photomixotrophic growth tris-acetate–phosphate medium [24] con-
tained nitrogen sources with the natural isotope distribution of
99.6% 14N, high salt medium [25] for photoautotrophic growth was
supplemented with 15NH4Cl (98%
15N) as nitrogen source. Bubbling
of the cultures with air and stirring prevented the cells from settling
and ensured uniform exposure to light. After 3 days of a 12 h light/
dark illumination rhythm [17], both cell cultures, the 15N-labeled pho-
toautotrophic and the 14N-labeled photomixotrophic culture were
combined for the isotope labeling approach prior to cell harvesting
(2700 · g, 4 C, 10 min). The resulting cell pellet containing the mix-
ture of photoautotrophically and photomixotrophically grown cells
was resuspended in 1 mM MnCl2, 5 mM MgCl2, 5 mM NaF,
250 mM sorbitol, 35 mM HEPES (pH 7.8), and 2 mM Na2EDTA.
The cells were broken by vortexing with glass beads [26]. Breaking
of the cells was monitored using a light microscope, and has been
found to be highly eﬃcient for both metabolic conditions. After cen-
trifugating twice (2000 · g, 4 C, 3 min) the pellet was resuspended in
the buﬀer solution described above. The sample obtained containing
chloroplasts and some residual mitochondria was supplemented with
10% (w/v) glycerol, frozen in liquid nitrogen, and stored at 20 C.
For BN-PAGE and subsequent densitometric analysis, cells from the
two culture conditions were prepared independently but otherwise
identically.
2.2. Solubilization of chloroplasts
Solubilization of chloroplasts was performed at 4 C for 30 min at a
chlorophyll concentration of 0.25 mg/ml in a medium containing
200 mM e-aminocaproic acid (6-aminohexanoic acid), 5 mM MgCl2,
5 mM MnCl2, 10% (w/v) glycerol, 20 mM tricine (pH 8.0), 5 mM
DTT, and 1% (w/v) digitonin (Calbiochem, high purity) in the dark un-
der continuous agitation. Insoluble material was removed by centrifu-
gation (20000 · g, 4 C, 1 h). The pellet contains mostly starch and
according to SDS–PAGE analysis no ATP synthase. Twenty microli-
ters of loading buﬀer with 5% (w/v) Coomassie G-250, 500 mM e-ami-
nocaproic acid, 50 mM Bis–Tris, pH 7.0 were added to 130 lL of the
supernatant and applied directly onto blue-native gradient gels.
2.3. 2D Blue-native/Tricine SDS–PAGE
Blue-native PAGE was performed using the Hoefer SE 600 system
(18 · 16 · 0.15 cm3, 10 lanes) as described previously [27,28] with slight
modiﬁcations [18]. One hundred and thirty micrograms of protein were
loaded per lane. The gels contained 200 mM e-aminocaproic acid and
50 mM Bis–Tris, pH 7.0. Stacking gels had a total acrylamide concen-
tration of 3% and separating gels acrylamide gradients from 3.5% to
16%. Lanes from the blue-native gel were analyzed on a second dimen-
sion SDS-gel with two stacking gels, one native and one denaturing,
with a total acrylamide concentration of 5% and a separating gel of
13% [29]. 1 D BN-PAGE was stained with Coomassie R-250 before
densitometric analysis. Protein quantiﬁcation was performed using a
GS-800 calibrated densitometer (BioRad) and Quantity One Software
(BioRad, Version 4.4.0).
2.4. MALDI-MS
Protein bands of the 2D gels were visualized using a silver staining
protocol [30,31] compatible to the subsequent mass spectrometric anal-
ysis. Selected spots of the gels were digested with trypsin and analyzed
by MALDI-MS as described previously [18]. For the calibration of the
mass spectra, an automatic external ﬁve point and a successive internal
mass calibration using at least two trypsin autoproteolysis peaks were
performed. The peak detection limit was set to 1% of the largest peak
in each spectrum.2.5. Protein identiﬁcation
As a mixture of photoautotrophically and photomixotrophically
grown cells was used for the stable isotope labeling assay, 15N-labeled
peptides and peptides with the natural isotope composition are dis-
played within the same mass spectrum. A standard PMF is performed
employing the ‘‘Mascot’’ software (www.matrixscience.com). The
database search included one possible missing cleavage site and possi-
ble methionine oxidation. The amount of protein from both culture
conditions should be comparable for best results. Since the calculated
masses listed in protein databases are merely based on the isotopes
most commonly observed in nature, only peptides with natural isotopic
distribution contribute to the protein identiﬁcation. Thus, in the iso-
tope labeling experiment, where both the unlabeled and labeled pep-
tides are present at the same time and in the same mass spectrum,
only the unlabeled ones will be responsible for the identiﬁcation of
the protein. From the perspective of the protein identiﬁcation, the la-
beled peptides are surplus signals, which cannot be matched to the
information present in the database. However, despite these surplus
masses signiﬁcant matches with the database and unambiguous protein
identiﬁcations are obtained, although the Mascot scores achieved are
slightly lower as compared to conventional samples containing just
nitrogen of the natural isotope distribution. The identities of the la-
beled peptides are deduced by calculating their mass based on the se-
quences in the database for the matched unlabeled peptides by
taking into account the mass of the 15N isotope.2.6. Quantiﬁcation
After protein identiﬁcation, peptide sequences from the database are
assigned to 14N-peptide signals in the mass spectra. Subsequently, the
mass of the corresponding 15N-peptide is calculated and the signal
intensity is assigned unambiguously. The ratio of the signal intensities
of the pairs of 14N- and 15N-peptides is calculated. As tryptic digestion
of a protein results in several pairs of 14N- and 15N-peptides possessing
independent intensity ratios, a signiﬁcant mean value corresponding to
the protein concentration ratio of photomixotrophically to photoauto-
trophically grown cells is obtained.
To account for diﬀerent cell numbers and diﬀerent cell sizes obtained
for both culture conditions, the measured 14N/15N-ratios have to be
normalized. For this purpose, the 14N/15N-ratios of 53 randomly
picked proteins in the BN-gels are measured. The average of these ra-
tios is calculated and used for the normalization of the 14N/15N ratios
obtained for the ATP synthase subunits. This normalization implies
that the overall protein concentration in the chloroplast does not
change signiﬁcantly.3. Results
The ratio of monomer to dimer of chloroplast FoF1 ATP
synthase and its dependence on growth conditions were
analyzed by two diﬀerent approaches. For the ‘‘standard’’
approach, the cells from a photoautotrophic and a photomixo-
trophic culture were harvested and analyzed separately. For
the stable isotope labeling approach both cultures were merged
prior to harvesting. The green alga C. reinhardtii was culti-
vated under photoautotropic and photomixotrophic condi-
tions, respectively. While photomixotrophic cultures were
grown in the presence of nitrogen sources with the natural iso-
tope distribution (99.6% 14N), photoautotrophic algae had
15NH4Cl as the sole nitrogen source (98%
15N). As a result,
the algae in the latter culture incorporated 15N in all newly
synthesized proteins. By application of the detergent digitonin
and BN-PAGE, both water soluble and membrane proteins
were separated in the native state. BN-PAGE allowed the sep-
aration of multi-subunit protein complexes, while preserving
their structural integrity and supercomplex architecture.
Applying the standard approach, i.e., independent isolation
and puriﬁcation of chloroplasts from two culture conditions, a
1.6-fold higher amount of the mitochondrial (MFoF1)2 is
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diﬀerence in the proportion of dimeric to monomeric CFoF1
(Figs. 1 and 2) is observed. The identity of all labeled bands
was conﬁrmed using 2D-PAGE and MALDI-MS. The sample
from photoautotrophic growth had a dimer proportion of only
about 20%, while the sample from photomixotrophic growth
contained 40% dimers of the total chloroplast ATP synthase.
The separate biochemical treatment of both samples has draw-
backs for every quantitative evaluation. It can cause artiﬁcial
diﬀerences in the absolute amount of ATP synthase or during
isolation can induce dissociation of the dimer. Furthermore,
the densitometric evaluation of the respective protein bands
in the two diﬀerent gel lanes might lead to additional inaccura-
cies. Therefore, we conﬁrmed the interesting observation ofFig. 1. First dimension BN-PAGE of 130 lg of solubilized chloroplast
protein from photoautotrophically (A) and photomixotrophically (M)
grown cells. Sample M contains a signiﬁcantly larger amount of CFoF1
dimer and a smaller amount of CFoF1 monomer than sample A. The
gel was stained with Coomassie R-250. The positions of molecular
mass marker bands are indicated in kDa. Labeled ATP synthase bands
were identiﬁed by 2D-PAGE and MALDI-MS.
Fig. 2. Metabolism-dependent amount of monomeric (CFoF1) and dimeric (
(MFoF1)2 in photoautotrophically and photomixotrophically grown cells. Th
determined by densitometric analysis of the respective bands in Fig. 1.diﬀerent CFoF1 supramolecular organizations by less error-
prone stable isotope labeling experiments. The 1D BN-PAGE
of a mixture of isotope labeled photoautotrophically and
photomixotrophically grown cells depicted in Fig. 3 displays
the dimer and monomer of CFoF1 and the dimer of MFoF1
in addition to Rubisco as well as the various protein compo-
nents of photosystems and light-harvesting complexes. Analy-
sis in a second dimension SDS–PAGE reveals the subunit
composition of the complexes. The bands of the protein sub-
units appear on vertical lines below the respective protein com-
plexes separated in the ﬁrst dimension BN gel. Protein
complexes and their supramolecular state can be assigned
according to their apparent molecular masses in the BN gel
and their subunit composition in the 2D SDS–PAGE. Selected
proteins were additionally unambiguously identiﬁed by PMF
after tryptic in-gel digestion. Since both samples were com-
bined before harvesting and the cells were subsequently treated
identically, any inaccuracy caused by diﬀerences in sample
treatment was avoided.
Dimeric (CFoF1)2 and monomeric CFoF1 chloroplast ATP
synthase are characterized by the twofold diﬀerence in the
molecular mass in the ﬁrst dimension BN-PAGE and by an
identical subunit pattern in the second dimension SDS–PAGE
(Fig. 3). No additional subunits have been found for the di-
meric complex. The mitochondrial ATP synthase, which is
present in the gel due to residual mitochondria in the thylakoid
membrane preparation, occurs exclusively as dimer (Fig. 3). It
can be distinguished unambiguously from (CFoF1)2 by its
higher molecular mass and by its characteristic subunit pat-
tern, e.g. subunit beta migrates slower than alpha and slower
than subunit alpha and beta of CFoF1. Each band contains
the mixture of the respective protein originating from the
two diﬀerent culture conditions. The proportion of each
protein is reﬂected in the corresponding 14N/15N ratio (14N
represents proteins of photomixotrophic cells, 15N of photoau-
totrophic ones) as determined by MALDI-TOF. Peptides gen-
erated by tryptic digestion of the 14N culture are used to
identify the protein in the NCBI database by PMF. For the(CFoF1)2) ATP synthase in chloroplasts and of dimeric mitochondrial
e total amount of ATP synthases and of monomers and dimers were
Fig. 3. Isotope-labeled photoautotrophically and photomixotrophi-
cally grown C. reinhardtii cells, combined before harvesting. Mono-
mers * and dimers  of chloroplast ATP synthase CFoF1 are separated
by blue-native gel electrophoresis and afterwards disaggregated into
their protein subunits during SDS–PAGE. An identical ﬁrst dimension
gradient gel lane was stained with Coomassie R-250 (A), the second
dimension gel was silver stained (B). Positions of molecular mass
markers are indicated on the respective gel. Subunits a and b as
identiﬁed by peptide mass ﬁngerprinting are labeled. Monomer and
dimer of CFoF1 display identical spot patterns, which can be clearly
distinguished from the mitochondrial ATP synthase MFoF1, which is
solely present as a stable dimer #.
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scores higher 61) were considered. To account for diﬀerent cell
numbers and diﬀerent cell sizes obtained for both culture con-Table 1
Measured 14N/15N-ratios of FoF1 protein subunits
Protein subunit Scorea nb
CFoF1-dimer
Alpha 159 5
Beta 126 4
Mean value
CFoF1-monomer
Alpha 257 19
Beta 172 20
Gamma 75 10
Subunit I 103 6
Epsilon 39 4
Mean value
Mean (dimer)/mean (monomer)
aScore obtained by the Mascot software for the protein identiﬁcation.
bNumber of peptide 14N/15N ratios used for calculating the mean protein ra
c14N/15N-ratio divided by correction factor as determined by averaging 14N
subjected to our identiﬁcation and quantiﬁcation method.
dValue not used for estimation of 14N/15N ratio of the protein complex dueditions, the measured 14N/15N-ratios have to be normalized.
For this purpose, the 14N/15N-ratios of 53 randomly picked
proteins in the BN-gels are measured. The average of these
ratios is formed and used for the normalization. This normal-
ization implies that the overall protein concentration in the
chloroplast does not change signiﬁcantly. The 14N/15N ratios
of all identiﬁed subunits of a respective complex allowed us
to determine a mean 14N/15N ratio for the monomer and dimer
of CFoF1 (Table 1). For the monomer of CFoF1 the normal-
ized ratio 14N to 15N is 0.72, but 1.8 for the dimer. Observe,
that these values correspond well to the peak intensities mea-
sured by densitometry (Fig. 2), which yield ratios of 0.6 and
1.6 for the monomer and dimer, respectively. These results
were conﬁrmed in a second independent isotope labeling
experiment using a second set of cell cultures.
The 14N/15N ratio of a selected protein spot from the mono-
mer as compared to the respective 14N/15N ratio of the same
protein of the dimer is a direct quantitative measure of the
monomer to dimer ratio between photoautotrophically and
photomixotrophically grown cells.
An identical 14N/15N ratio for the monomer and dimer
would indicate the supramolecular assembly of CFoF1 to be
independent of the metabolic state for both growth conditions.
Our data depicted in Table 1 show, however, that in the
photomixotrophic state a higher proportion of dimers exists,
reﬂected in 2.5 times higher 14N/15N ratio for dimer as com-
pared to monomer, no matter whether raw or normalized data
are taken into account. The standard approach leads to a very
similar value of 2.6 times more dimer as compared to overall
CFoF1 content in photomixotrophic growth (Fig. 2), conﬁrm-
ing our data obtained by MS.
It can be concluded, based on two independent approaches,
that in photomixotrophic cultures, C. reinhardtii CFoF1 is
present at a higher amount of dimers as compared to the case
of photoautotrophically grown cells. This demonstrates meta-
bolic control of the supramolecular organization of CFoF1.4. Discussion
By analysis of solubilized native chloroplast proteins with
BN-PAGE, a metabolic control of the CFoF1 supramolecular14N/15N-ratio 14N/15N-ratio, normalizedc
6.6 1.7
7.4 1.9
7.0 1.8
3.1 0.79
2.6 0.68
2.8 0.73
2.8 0.71
2.7d 0.70d
2.8 0.72
2.5 2.5
tio.
/15N-ratios of 53 protein bands randomly picked from the 2D-gel and
to low score.
H.J. Schwaßmann et al. / FEBS Letters 581 (2007) 1391–1396 1395organization could be demonstrated for the ﬁrst time. The
higher proportion of CFoF1 dimers in photomixotrophically
as compared to photoautotrophically grown cells were quanti-
tated by application of stable isotope labeling with 15N in com-
bination with BN-PAGE, MALDI-MS and PMF.
The supramolecular organization of F-type ATP synthases is
substantially diﬀerent for the ATP synthase operating in mito-
chondria and in chloroplasts of Chlamydomonas reinhardtii. In
mitochondria, MFoF1 is always present as a dimer (Figs. 1 and
3), unaﬀected by the metabolic state, ionic strength, or inhibi-
tors [5,8]. Its amount, however, is higher in photomixotrophic
cultures (Fig. 2), which is in line with the additional metaboli-
zation of acetate. Biochemical and electron microscopic data
locate the site of dimerization for the mitochondrial ATP syn-
thase on or close to the peripheral stalk of the complex [15].
We could recently demonstrate that the chloroplast FoF1 in
Chlamydomonas reinhardtii are present as dimers, too. These
dimers dissociate into monomers in the presence of phosphate
or vanadate ions, but are unaﬀected by the overall ionic
strength [8]. Since the binding site for vanadate and phosphate
is located on the F1 part of CFoF1, dimerization occurs most
likely via the F1 part of the complex. The documented changes
of phosphate concentration in chloroplast stroma [19] might be
even exceeded by diﬀerences in the local concentration. It
seems reasonable to assume concentrations to be very low
close to the negatively charged membrane, especially near
ATP synthase that uses phosphate as a substrate. Therefore,
phosphate might be regulating dimerization events. However,
other causes than the phosphate concentration could inﬂuence
the dimerization of CFoF1, e.g. a change in lipid composition
of the membrane.
Variations in the degree of ATP synthase dimerization could
promote changes in the local membrane structure, as it has
been suggested for the mitochondrial ATP synthase dimer
[1,16]. In the present study, we demonstrated the proportion
of monomeric to dimeric ATP synthase to be aﬀected by the
growth conditions. The relative and absolute proportion of
CFoF1 dimers is higher in photomixotrophically grown cells
(Figs. 1 and 2, Table 1), where in addition to photosynthesis,
ATP is generated also by the metabolization of acetate. While
in contrast to mitochondrial ATP synthase, the total amount
of chloroplast ATP synthase is comparable in both samples,
the proportion of dimer to monomer at photoautotrophic
growth is about 20% as compared to 40% at photomixotrophic
growth (Fig. 2). Thus, the increased proportion of CFoF1 di-
mer in photomixotrophically grown cells as quantiﬁed in Table
1 is caused by an increased assembly of dimers on the expense
of monomers, but not by additional synthesized ATP syn-
thases in the form of dimers only.
In our second experimental approach, employing stable iso-
tope labeling to monitor the ratio of monomeric to dimeric
CFoF1, the absolute protein amount of the two cell cultures,
which can be and is quite diﬀerent under the two culture con-
ditions applied [17], does not aﬀect the interpretation of the re-
sults. The isotope labeling approach leads in general to a more
reliable quantiﬁcation than the standard approach, since arti-
facts due to separate biochemical treatment and data evalua-
tion (Figs. 1 and 2) is avoided.
Photomixotrophic grown algal cultures exhibit signiﬁcantly
higher growth rates than photoautotrophic ones [17,18]. Since
acetate is metabolized in photomixotrophic growth, mitochon-
drial metabolism and ATP production should increase on theexpense of ATP production by chloroplasts. Eﬃcient ATP
production by respiration in mitochondria and ATP genera-
tion in chloroplasts by photosynthesis both occur simulta-
neously and have to be regulated by adequate feed-back
control. Activity might be regulated by the supramolecular
state of the chloroplast ATP synthase. As a green plant, Chla-
mydomonas reinhardtii has to quickly adapt to changing envi-
ronmental and especially to light conditions, therefore a
regulation of activity via reversible dimerization of protein
complexes instead of de novo synthesis could be beneﬁcial,
eﬀective and fast.
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